P osttransplantation diabetes mellitus (PTDM) is a common metabolic complication after kidney transplantation. Its incidence varies, depending on the characteristics of the relevant population, the diagnostic criteria used for PTDM, and immunosuppressive regimen. The reported cumulative incidence of PTDM is approximately 10% to 20% at 1 year and 25% to 35% at 3 years after kidney transplantation.
1,2 Development of PTDM is associated with unfavorable clinical outcomes, including higher risk of cardiovascular events, inferior patient and graft survival, and poorer quality of life. [3] [4] [5] Identification of patients who are at high risk for PTDM before transplantation may help guide monitoring and treatment strategies to prevent or delay the incidence of PTDM.
Pretransplantation insulin resistance significantly increases the risk of PTDM. 6 Impaired fasting glucose and impaired glucose tolerance before transplantation are both associated with greater risk of PTDM. 7, 8 Therefore, the consensus guideline by the International Expert Panel recommends that all kidney transplant candidates have an annual check of glycemic status, either in the form of fasting glucose or a riskstratified oral glucose tolerance test based on the center-specific screening algorithm. 9 However, oral glucose tolerance testing is not widely used, as it is time consuming and impractical in large transplantation programs.
Measuring hemoglobin A1c (HbA1c) in blood is much more convenient than an oral glucose tolerance test, and is widely accepted in clinical practice as the recommended means of diagnosing diabetes and identifying individuals in the general population that are at high risk of diabetes (i.e., prediabetes). 10, 11 Recently, the HbA1c test was added as 1 of the recommended methods to diagnose PTDM by the International Expert Panel at the Consensus Meeting on PTDM in 2013. 9 HbA1c levels are less reliable in patients with impaired kidney function than in the general population due to elevated blood urea levels, anemia, shortened erythrocyte survival time, or erythropoietin treatment. 12 Thus, the relationship between pretransplantation HbA1c level and risk of PTDM among kidney transplant recipients is unclear.
To address this question, we examined the association of pretransplantation HbA1c with PTDM over a follow-up period of up to 5 years in 1499 primary nondiabetic kidney transplant recipients.
MATERIALS AND METHODS

Data Sources
The United States Renal Data System (USRDS), a national data system that collects information on end-stage renal disease (ESRD) in the United States, was used for this study. Information was also obtained from the transplant database from the United Network for Organ Sharing, Medicare claims data, and the revised Center for Medicaid and Medicare Services (CMS) Form 2728 (ESRD Medical Evidence Report) introduced in May 2005, which started collecting data on blood HbA1c and lipid profiles before the most recent ESRD episode. (Figure 1 ). Of 26,968 nondiabetic recipients with obtainable outcome data, pretransplantation HbA1c was available for 2185 (8.1%). Of these individuals, 629 were excluded due to missing data on other covariates. Of the remaining 1556 recipients, 40 had undiagnosed diabetes (pretransplantation HbA1c $ 6.5%) and were excluded. An additional 57 recipients had HbA1c # 4% and were excluded. The remaining 1499 recipients were followed up until the development of PTDM, graft loss (i.e., death or graft failure before death), or 31 March 2012. This study was approved by the University of Wisconsin Health Sciences Institutional Review Board.
Study Population
Exposure and Outcome Variables
Blood HbA1c level measured before the date of kidney transplantation was ascertained from the laboratory values on CMS form 2728. PTDM was ascertained by ICD-9-CM codes in the USRDS Medicare claims data and a previously validated method. 13 An ICD-9-CM diagnosis code 249 (i.e., secondary diabetes mellitus) or 250 (i.e., diabetes mellitus) reported after the date of kidney transplantation was used to detect the development of PTDM. The date of onset of diabetes was assumed to be the date of the earliest claim.
Definition of Variables
Prediabetes was defined as pretransplantation HbA1c $ 5.7%. 10, 11 The definition of the metabolic syndrome by the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) 14 was slightly modified because of the lack of variables (i.e., waist circumference, fasting plasma glucose, and blood pressure). For our study, it was defined as having at least 3 of the following 5 conditions: generalized obesity (body mass index [BMI] $ 30 kg/m 2 ) as a surrogate marker for central obesity, 15 history of hypertension for blood pressure $ 130/85 mm Hg, elevated HbA1c (HbA1c $ 5.7%) for fasting plasma glucose $ 110 mg/dl, 11,16 high triglyceride (TG) level (TG $ 150 mg/dl), and low high-density lipoprotein (HDL) cholesterol level (<40 mg/dl in men and <50 mg/dl in women). compared to assess a trend across the 3 ordered groups (i.e., HbA1c < 5.4%; 5.4 # HbA1c < 5.7%; HbA1c $ 5.7%) using the nonparametric test, an extension of the Wilcoxon rank-sum test for continuous variables, and the CochranÀArmitage test for categorical variables.
Participants were censored at death, graft failure before death, or end of study (31 March 2012) . Incidence of PTDM was assessed with KaplanÀMeier analysis and compared among the 3 groups using log-rank tests. The association of pretransplantation HbA1c level as a continuous variable with PTDM was modeled using restricted cubic splines with knots at the 25th, 50th, and 75th percentiles (5.1%, 5.4%, and 5.6%, respectively). Based on results from this model, pretransplantation HbA1c level was further modeled by a multivariate linear spline Cox model with a single knot at 5.4%. The goodness of fit of 2 models (i.e., a cubic spline model with 3 knots vs. a linear spline model with a single knot) were compared using a likelihood ratio test. Based on the continuous relationship between HbA1c and PTDM, HbA1c level was dichotomized (< 5.4 vs. $ 5.4%). The unadjusted and adjusted associations of HbA1c $ 5.4% with PTDM were assessed with Cox proportional hazards regression models. All the Cox models accounted for potential center-level clustering.
Confounding variables in our multivariate regression models comprised factors potentially associated with PTDM and/or HbA1c, including demographics, pretransplantation medical conditions, and transplantspecific factors based on the prior knowledge. 17 The following potential confounding variables were included in the final model: (i) demographics: age in years (continuous), sex, race/ethnicity (non-Hispanic Analyses were repeated with stratification by (i) an a priori set of variables including erythropoietin use, presence of anemia (i.e., blood hemoglobin level< 11 mg/dl), immunosuppressive induction agents, steroid maintenance therapy, donor type, presence of the metabolic syndrome and its individual components (i.e., obesity, history of hypertension, low HDL cholesterol, elevated TG level); and (ii) additional variables selected based on findings from the comparison between included recipients and those excluded from the study: age ($ 50 [median] or < 50 years) and race (black/nonblack) categories. Statistical significance of interaction between HbA1c and each interacting variable was assessed.
Sensitivity Analyses
Two separate analyses were conducted to evaluate whether pretransplantation HbA1c was associated with early onset of PTDM (i.e., within 1 year after transplantation) as well as later onset of PTDM (i.e., beyond 1 year after transplantation). The first analysis was limited to 1-year follow-up after transplantation (i.e., the recipients without development of PTDM were censored at the end of the first year). The second analysis was carried out only for recipients free of PTDM at the end of the first year, with followup starting 1 year after transplantation to the end of study.
Similarly, analyses were repeated starting follow-up at 45 days after transplantation to exclude possible transient posttransplantation hyperglycemia, as the International Expert Panel recommended not to make a diagnosis of PTDM within 45 days after transplantation. 9 Additional analyses were performed limited to those recipients who had HbA1c level measured within 1 year before transplantation.
Proportionality assumptions in the Cox model were checked graphically based on Schoenfeld residuals, and those assumptions were met in all the covariates in the model. The results of survival analyses are shown as hazard ratio (HR) with 95% confidence interval (CI). All analyses were conducted using Stata/MP 13.1 (www.stata.com).
RESULTS
Recipients excluded from the analyses were slightly younger (47.2 vs. 48.6 years; P < 0.001), were more likely to be black (17.8 vs. 13.9%; P < 0.001), and had slightly higher HDL cholesterol level (42.8 vs. 41.3 mg/ dl; P < 0.001) than their counterparts included in the analyses (Table 1) . Sex, year of transplantation, BMI, prevalence of obesity and morbid obesity (BMI $ 40 kg/m 2 ), serum TG level, history of hypertension, and history of cardiovascular disease were comparable between the included and excluded recipients. The incidence of PTDM was also comparable between the included and excluded recipients. The results from the comparison between recipients with HbA1c and without HbA1c before transplantation were similar (Supplementary Table S1 ). Preemptive transplantation was the only independent predictor of reporting HbA1c despite not being diabetic, with an odds ratio of 1.91 (95% CI ¼ 1.35, 2.68), in the logistic regression model adjusting for age, sex, race/ethnicity, year of transplantation, BMI, serum TG and HDL-cholesterol level, history of hypertension and cardiovascular disease, and center-level clustering.
Of the 1499 recipients included in the analyses, 525 (35.0%) had prediabetes (HbA1c $ 5.7%) before kidney transplantation, and 344 (23%) had HbA1c values in the range 5.4 # HbA1c < 5.7%. Mean values of pretransplantation HbA1c across the 3 groups (< 5.4 vs. 5.4 # HbA1c < 5.7 vs. $ 5.7%) were 5.0, 5.5, and 6.0, respectively (P-trend < 0.001). The mean of HbA1c appeared to be slightly lower among erythropoietin users than among nonusers, but it was not statistically significant (5.40 vs. 5.45; P ¼ 0.07). The overall median interval between the date of HbA1c measurement and the date of transplantation was 61 days (interquartile range ¼ 434 days), and the median intervals across the 3 groups were 23, 73, and 104 days, respectively (P-trend < 0.001). Higher HbA1c was significantly associated with older age, higher proportion of male sex, higher prevalence of cardiovascular disease, longer duration of pretransplantation dialysis, more recent years of transplantation, and lower proportion of HCV positivity (all P-trend < 0.05) ( Table 2 ).
Higher HbA1c was significantly associated with higher prevalence of the metabolic syndrome (36.7% vs. 40.7% vs. 75.8%; P-trend < 0.001) ( Table 3) . Among the 4 components of the metabolic syndrome other than HbA1c, BMI (26.9 vs. 27.8 vs. 27.7 kg/m 2 ; P-trend ¼ 0.01) and serum TG level (162.5 vs. 173.8 vs. 192.0 mg/dl; P-trend < 0.001) were significantly associated with higher HbA1c.
Pretransplantation HbA1c Level and Risk of PTDM A total of 395 patients (26.4%) developed PTDM over a median follow-up of 1.8 years (incidence rate ¼13.59 events/100 person-years). Of 395 events, 247 (62.5%) occurred during the first year after transplantation (incidence rate ¼ 20.50 events/100 person-years), and 148 (37.5%) occurred beyond the first year after transplantation (incidence rate ¼ 5.40 events/100 person-years). A total of 39 events (9.9%) occurred within 45 days after transplantation. The cumulative incidences of PTDM were 17.4%, 30.5%, and 40.8% at 1 year, 3 years, and 5 years after transplantation, respectively.
Higher pretransplantation HbA1c was significantly associated with higher incidence of PTDM across the 3 groups (i.e., HbA1c < 5.4% vs. 5.4 # HbA1c < 5.7% vs. HbA1c $ 5.7%) in unadjusted analyses (P < 0.001) (Figure 2 ). The incidence rates of PTDM in the 3 groups were 11.07, 13.00, and 17.87 events/100 person-years, respectively.
Higher pretransplantation HbA1c was associated with greater risk of PTDM in a nonlinear manner ( Figure 3 ). This nonlinear pattern was seen among both erythropoietin users ( Figure 3b ) and erythropoietin nonusers (Figure 3c ). The goodness of fit was comparable between a restricted cubic spline model with 3 knots and a linear spline model with a single know at 5.4% (likelihood ratio test P ¼ 0.17). HbA1c level was not associated with PTDM below 5.4%, whereas higher HbA1c above this level was strongly associated with PTDM (adjusted HR ¼ 1.84 per 1% higher HbA1c; 95% CI ¼ 1.28, 2.66; P for change in slope ¼ 0.04) ( Table 4) .
The magnitude of adjusted HR for PTDM per 1% higher HbA1c above 5.4% did not significantly differ by erythropoietin use, presence of anemia, type of induction agent, steroid maintenance use, donor type, presence of the metabolic syndrome, or presence of individual components of the metabolic syndrome, although the sample size of subgroups limits the precision of these estimates ( Table 4 ). The results were also similar across age groups (P-interaction ¼ 0.71 and 0.30 for slope below and above 5.4%, respectively) and race categories (P-interaction ¼ 0.80 and 0.30 for slope below and above 5.4%, respectively).
HbA1c $ 5.4% as a Dichotomous Variable and Risk of PTDM The incidence rate of PTDM was approximately 1.4 times higher among patients who had HbA1c $ 5.4% than among those who had HbA1c < 5.4% (P < 0.001) ( Table 5 ). HbA1c $ 5.4% remained associated with PTDM after adjustment for demographic factors (adjusted HR ¼ 1.33; 95% CI ¼ 1.08, 1.64). Additional adjustment for components of the metabolic syndrome and for other baseline variables did not substantially change the estimates. Adding the number of excluded recipients (n ¼ 25,470) to those included in the study (n ¼ 1449) does not give 36,855, the total number of nondiabetic recipients, because unavailable outcome data was 1 of the exclusion criteria.
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The association between HbA1c $ 5.4% and risk of PTDM was similar across erythropoietin use (adjusted HR ¼ 1.32; 95% CI ¼ 0.93, 1.87) and 1.25 (0.96, 1.63) among those receiving and those not receiving erythropoietin, respectively; P-interaction ¼ 0.82). The results were also similar in those with anemia (adjusted HR ¼ 1.31; 95% CI ¼ 0.99, 1.75) and those without anemia (adjusted HR ¼ 1.21; 95% CI ¼ 0.88, 1.67; P-interaction ¼ 0.71). The strength of the association between HbA1c $ 5.4% and PTDM did not differ by type of induction agent, steroid maintenance use, donor type, presence of the metabolic syndrome, or presence of individual components of the metabolic syndrome, although the sample size of subgroups limits the precision of these estimates ( Table 6 ). The results were also consistent across age groups (P-interaction ¼ 0.40) and race categories (P-interaction ¼ 0.40).
Sensitivity Analyses
Higher HbA1c above 5.4% was strongly associated with PTDM in analyses starting follow-up at 45 days after transplantation (356 PTDM events, adjusted 
DISCUSSION
In this analysis of 1499 primary kidney transplant recipients, HbA1c measured before transplantation was independently associated with the risk of PTDM. Higher pretransplantation HbA1c was associated with greater risk of PTDM at HbA1c levels above 5.4%, with an 84% higher risk associated with each 1%
higher HbA1c above this level. HbA1c level was not associated with PTDM at levels below 5.4%. Recipients with HbA1c $ 5.4% had a 31% higher risk of PTDM than their counterparts with HbA1c < 5.4%. The observed associations were independent of potential confounders, were seen in both erythropoietin users and nonusers and those with and without anemia, and were similar across type of induction agent, steroid maintenance use, donor type, or metabolic risk groups. The novel finding of our study is that higher pretransplantation HbA1c was associated with greater risk of PTDM in a nonlinear fashion. Our findings suggest that the increase in risk for PTDM starts at 5.4%, which is well below the current threshold of 5.7% for identifying prediabetes in the general population. The cumulative incidence of PTDM in our study (17.4% and 30.5% at 1 year and 3 years, respectively) is similar to results from previous studies. 1, 2, 18 Recipients are at greatest risk for PTDM within the first 6 months after transplantation, with most cases occurring within the first year. 19, 20 Of 395 PTDM events over the 5-year follow-up period in our study, 62.5% events occurred within the first year.
Tatar et al. 21 reported an adjusted odds ratio of 4.6 for PTDM in the first year after transplantation per 1% higher pretransplantation HbA1c in a study of 204 Turkish kidney transplant recipients (54 cases of PTDM). Conversely, Tokodai et al. 22 did not show a statistically significant association between pretransplantation HbA1c and PTDM in a study of 119 Japanese recipients (17 cases of PTDM) (adjusted odds ratio ¼ 3.09; 95% CI ¼ 0.90, 11.1; P ¼ 0.07). Interestingly, a significant association between pretransplantation HbA1c and PTDM was observed only among the subgroup of recipients receiving no or lowdose erythropoietin (n ¼ 85, adjusted odds ratio ¼ 9.18 per 1% higher HbA1c (95% CI ¼ 1.64, 64.5; P < 0.05), but no association in 34 recipients on higher doses (data not reported). The authors speculated that the lack of association might be due to a high degree of variability 
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in HbA1c levels in patients receiving high-dose erythropoietin. 22 However, as the sample size of highdose erythropoietin users was only 34, the lack of association could be related to the lack of statistical power as well. Moreover, Tokodai et al. 22 did not formally test whether there existed an interaction between pretransplantation HbA1c and erythropoietin use (no or low-dose vs. high-dose) with regard to risk of PTDM. Erythropoietin dosage and blood hemoglobin level influence HbA1c level in patients with end-stage renal disease. 23 Neither of these 2 studies adjusted for blood hemoglobin level in the analyses, whereas it was included as a covariate in our study. The strength of the associations between pretransplantation HbA1c and PTDM did not differ significantly by erythropoietin use or presence of anemia in our study. This might be explained by our sample having similar mean HbA1c between erythropoietin users and nonusers (5.40 vs. 5.45%, respectively, P ¼ 0.07) and those with anemia and without anemia (5.42 vs. 5.45%, respectively, P ¼ 0.11).
Optimal cut-off values of HbA1c for diagnosing PTDM remain uncertain. According to the International Consensus Meeting Report on posttransplantation diabetes mellitus, HbA1c-based diagnosis of PTDM is recommended while oral glucose tolerance test is still considered as the gold standard. 9 However, careful interpretation must be made regarding its use in the early posttransplantation period, as a normal HbA1c will not exclude diagnosis of PTDM in the presence of posttransplantation anemia and/or dynamic renal allograft function. 9 Shabir et al. 24 suggested separate cutoff values of HbA1c for diagnosing PTDM (i.e., 6.2% and 6.5% (equivalent to the general population) at 3 months and beyond 3 months, respectively).
Higher HbA1c before transplantation remained a strong predictor for PTDM events occurring after 45 days or 1 year after transplantation in our study. This approach minimized the possibility of claiming undiagnosed diabetes before transplantation as PTDM or diagnosing transient posttransplantation hyperglycemia as PTDM. Moreover, these findings emphasize that pretransplantation HbA1c, as a marker of intrinsic abnormalities in glucose metabolism, is an important predictor for PTDM, independent of specific risk factors related to transplantation, such as immunosuppression.
HbA1c testing is well standardized, shows low intraindividual variation, is the most reliable indicator of glycemic exposure over the recent 2-3 months, and is associated with long-term complications in the general population. 10 Moreover, it does not require fasting or restriction to a certain time of waiting. Although HbA1c is less reliable in patients with severely impaired kidney function than in the general population, 12, 25, 26 higher HbA1c level is associated with higher risk of mortality among diabetic patients on dialysis. [27] [28] [29] Furthermore, higher HbA1c is associated with greater risk of mortality among nondiabetic patients with nonÀdialysis-dependent chronic kidney disease, 30 as well as among nondiabetic patients on hemodialysis. 31 Therefore, HbA1c could also be a Table 4 . Hazard ratio and 95% confidence interval of PTDM associated with 1% higher level of pretransplantation HbA1c, overall and stratified by erythropoietin use, anemia, induction agent, steroid maintenance, donor type, and components of metabolic syndrome Per 1% higher HbA1c
Range of pretransplantation HbA1c level P for change in slope 4 £ HbA1c < 5.4%
5.4 £ HbA1c < 6.5%
Overall analyses (n ¼ 1499) Data are hazard ratios with confidence intervals in parentheses, unless otherwise specified. ATG, antithymocyte globulin; CMV, cytomegalovirus; HCV, hepatitis C virus; HDL, high-density lipoprotein; HLA, human leukocyte antigen; HR, hazard ratio; IL-2Ra, interleukin-2 receptor antagonist; P-int, P-interaction; PTDM, posttransplantation diabetes mellitus; TG, triglyceride. useful tool for pretransplantation PTDM risk evaluation, based on our findings.
Inherent limitations of the observational study design must be acknowledged. Although our study has a much larger sample size than the previous 2 studies, 21 Table S2 ). A total of 75 providers who mostly (proportion of reporting HbA1c ¼ 90%À100%) reported HbA1c in nondiabetic patients were evenly distributed across 18 ESRD networks. However, using our limited data, the question of why a subset of nondiabetic patients were tested for HbA1c was difficult to answer clearly. Nonetheless, the incidence of PTDM between included recipients and excluded recipients was comparable, suggesting that the risk profile for the development of PTDM on average is similar between patients included and those excluded from the study. Therefore, the potential for a spurious association due to selection bias is minimal. Another limitation is that the included recipients were less likely to be black (13.9% vs. 17.8%) than the excluded recipients. Despite a higher risk of PTDM in black patients in comparison to white patients, 20 black patients were less likely to be tested for HbA1c in our study. Similarly, previous studies reported that lower receipt of HbA1c testing in black diabetic than in white diabetic patients. 32, 33 Considering the fact that HbA1c levels are higher in blacks than in whites independent of level of glycemia, 34, 35 and that blacks are at higher risk for PTDM than whites, 20 this limitation would tend to dilute the strength of the association between HbA1c and PTDM. Therefore, the true association between HbA1c and PTDM may be stronger than the observed association with a limited sample in our study. Although we excluded diabetic patients using multiple sources (i.e., CMS Form 2728, United Network for Organ Sharing transplant candidate registration form, or USRDS Medicare claims data), there could be undiagnosed diabetic recipients included in our study. However, consistent results with analyses starting follow-up at 1 year after transplantation (i.e., analyses only for those who had not developed PTDM until 1 year after transplantation) suggest that the observed association is not likely to be explained by inclusion of undiagnosed diabetes with higher HbA1c before transplantation. Our study is further limited by outome ascertainments relying on the USRDS Medicare claims data. Approximately 27% of nondiabetic recipients in the USRDS data were excluded because of a lack of Medicare claims data. Individuals having another insurance (e.g., private insurance) simultaneously with Medicare coverage during the posttransplantation period may not be included in USRDS Medicare claims data. This limitation could potentially cause underascertainment of PTDM. However, the incidence of PTDM in our study (i.e., 17.4% at 1 year after transplantation) is consistent with data from the USRDS and a French study reporting a 16% and 18% incidence of PTDM at 1 year after transplantation, respectively. 1,18 Although we took into account erythropoietin use before kidney transplantation in our analyses, we could not account for the dosage of erythropoietin, as theses data are unavailable. Moreover, there might be some degree of misclassification of erythropoietin use at the time of measured HbA1c because of the lack of prescription date for erythropoietin. In addition, we could not evaluate whether HbA1c adds predictive power to fasting blood glucose, because of a lack of data. Finally, despite multivariate adjustment for known potential confounders, there are additional potential confounders (e.g., family history of diabetes and change in BMI after transplantation) for which we could not adjust that may explain the observed associations. Despite these limitations, this study improves current understanding of how pretransplantation HbA1c is associated with PTDM among kidney transplant recipients.
In conclusion, we found that higher HbA1c before transplantation is independently associated with greater risk of PTDM, and that the increase in risk associated with higher HbA1c starts at levels above 5.4%, well below current thresholds for prediabetes. These findings suggest that HbA1c testing could be a useful screening tool as a part of a pretransplantation evaluation to identify recipients at greatest risk for PTDM. This may help guide monitoring and treatment strategies (e.g., immunosuppression and lifestyle modification) to prevent or delay the onset of PTDM.
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